on the action of three glucocorticoids (cortisone, hydro cortisone and prednisolone) in isolated frog and rabbit hearts indicate that the gluco corticoids exert a biphasic action. The biphasic action was observed in the form of stimulation at low concentrations (10<SUP>-8 to 10<SUP>-5</SUP> g/ml)
Although corticoids are used in high doses for patients with cardiac transplants and other cardiopathies, few studies have been made on the action of corticoids on the heart. Positive inotropic action of cortisone and prednisolone has been observed on cat papillary muscle (1) . It has been reported that cortisone and prednisolone shorten the isometric contraction period but increase the ejection time (2) . In humans, glucocorticoids increase cardiac output and reduce the peripheral resistance (3) . Positive inotropic action of corti costerone has been observed on the isolated rat heart (4) and on the rat heart-lung pre paration (5, 6) . Using 9-alpha-fluorohydrocortisone, Tanz and co-workers noted positive inotropic action with low concentration (7) and negative inotropic action with high con centration (8) on cat papillary muscle. This paper reports biphasic actions of three gluco corticoids (cortisone, hydrocortisone and prednisolone) on isolated amphibian and mam malian hearts.
MATERIALS AND METHODS
Thirty-two isolated frog (Rana tigrina) hearts were perfused with frog Ringer's solu tion (NaCI, 102 mM; KCI, 1 mM, CaCl.,, I mM; NaHCO., 1 mM; glucose, 5 mM; pH 7.6) at room temp. by introducing a Syme's cannula into the posterior vena cava. The perfusing solution was constantly aerated. An automatic overflow device was used to avoid fluctuations in the amplitude and frequency of heart beat as a result of changes in the perfusion pressure (9, 10) .
For appropriate comparison of results cortisone acetate, hydrocortisone acetate and prednisolone were dissolved in a small volume of 50% ethyl alcohol prepared by mixing equal volumes of pure alcohol and the perfusing solution. The solubility of prednisolone was greater than that of cortisone or hydrocortisone. These stock solutions, which were semiemulsions, were further diluted to provide concentrations ranging from 10-" to 10g /ml. The influence of corresponding concentration made up from the same stock of 50°`O alcohol used as solvent was also investigated and each time the drug was administered, control records with corresponding concentration of alcohol were obtained before and after administration of the drug. Ventricular strips from frog hearts were suspended in oxygenated frog Ringer's solution in a 15 ml bath at room temp. and were driven elec trically with an electronic stimulator using square pulses of 10 volts and 5 msec duration at I to 2/sec frequency. Electrical stimulation was carried out before, during and after the administration of the corticoid test solutions and during control tests with correspond ing concentrations of alcohol.
Experiments were also conducted on fifteen isolated rabbit (Oryctolagus cuniculus) hearts perfused through coronary vessels with Ringer-Lock's solution (NaCI, 155 mM; KC1, 5.6 mM; CaCI.,, 2 mM; NaHCO,,, 2.5 mM; glucose, 5 mM; pH between 7.4 to 7.6).
The temp. of all solutions was maintained at 37-C.
The mechanical activity of hearts was recorded on a slowly moving smoked kymo graph paper while the electrical activity was recorded in the form of electrocardiogram (ECG).
Test solutions were administered by perfusion from a test reservoir. The perfusion was switched on from Ringer's reservior to test reservoir and back by appropriate clamps without involving any change in the perfusion pressure or temp. It took 30 sec for the test solution to reach the rabbit heart, while in the case of frog heart, the solution reached the heart almost instantly. The actual dose can be calculated by multiplying exposure time and concentration. The total doses administered varied from 0.05 mg to 5 mg. Ap propriate test solutions were directly added to the 15 ml bath for frog ventricular strips.
RESULTS
Since alcohol was used as the solvent for preparing the corticoid test solutions, regular control test with corresponding strengths of alcohol were conducted before and after ad ministration of the corticoid test solution. The small amount of alcohol used as solvent was usually found to be ineffective or produced small insignificant effects which fell within the control limits.
Cortisone
In small concentrations (10' to 10-° g ,/ml) cortisone stimulated the heart while at greater concentrations (10-'' to 10 g/ml) it exerted inhibitory action which was often followed by an excitatory effect during recovery. The action of cortisone was more marked Note delayed augmentation of ventricular beats during recovery from the action of 2 x l0-4 grnil and repeated episodes of acceleration during recovery from 4 x 10' grml.
Panel 5 : third heart. A, alcohol control. At C,, C2 and C, increasing concentration, 2 x 10-" g,' ml, 4 x 10' grnil and 6 x 10' g;'ml of cortisone were tested. Note biphasic changes in heart rate, ventricular contrac tion and changes in baseline (tone).
on the amplitude of ventricular contraction than on the heart rate. P,, P, and P, response under the action of prednisolone 5 { 10' g ml. traction height.
Ventricular contractions increased by 20 and 30°~, under the action 2 10-" gjml and 4 10-" g;'ml respectively; 6 10-" g/ml produced greater slowing and also reduced ventricular contractions. The biphasic nature of the action of cortisone was also observed on the spontaneous as well as 2/sec electrical stimulation-response of frog ventricular strips. The action of a wide range of concentrations from 10' to l0' g/ml on ventricular strip is shown in Fig. 2 (Panels 4, 5, 6) with appropriate alcohol controls. There was marked increase both in stimulation-response and occurrence of spontaneous beats at 4:,, 10 " g/ml (Panel 4). The response decreased as the concentration was raised. At 10 g/ml (Parcels 5. 6) there was a marked reduction in stimulation-response and spontaneous beats.
The rabbit hearts also showed a biphasic effect with cortisone. These hearts were comparatively 5 to 6 times more sensitive than frog hearts. Fig. 3 (Panel 4) shows strong inhibitory action with atrioventricular block at 10`5 g/ml and cardiac asystole at 2 x 10-5 g/ml of cortisone in rabbit heart.
Hydrocortisone
Hydrocortisone also showed an excitatory effect at lower concentrations (10-s to 10' 9/ml) and inhibitory effects at higher concentrations (105 to 10`3 g/ml). The inhibitory effect was more marked on the amplitude of ventricular contraction than on heart rate.
In Fig. 1 , Panels 3 and 4 show cardiac asystole at 2 x 10' g/ml and 4 x 10' g/ml of hydro cortisone in the frog heart. The duration of asystole was proportional to the dose. Re covery from the inhibitory action of hydrocortisone was quick and was characterized by 10 to 25% augmentation in ventricular beats (Panel 3) and repeated episodes of accelera tion (Panel 4). The spontaneous as well as 2/sec stimulation-response of ventricular strips was augmented at 5 x 10' g/ml of hydrocortisone (Fig. 2, Panel 1 ). Both the electrical stimulation-response and spontaneous beats were reduced at higher concentrations (10' g/ml). In the case of hydrocortisone also, the rabbit hearts were more sensitive than frog hearts and showed stimulation at lower concentrations (10' to 105 g,/ml) and inhibition with cardiac asystole at higher concentrations (10-5 to 103 g/ml).
Prednisolone
High dilutions of prednisolone (10 to l0`5 g/ml) stimulated the heart while greater concentrations produced a prolonged inhibitory effect which was more marked on ven tricular contraction than on the heart rate. Fig. 3 shows the action of different concentra tions of prednisolone on three rabbit hearts (Panels 1, 2, 3). Panel I shows the graded inhibitory effect at 4 l0-" g,/ml and 8 l0 g/ml of prednisolone in a rabbit heart. The action of prednisolone was more prolonged than that of cortisone or hydrocortisone. Oc casionally there were episodes of increased cardiac activity during the inhibitory action as seen under the action of 8 y 10 g/ ml. Panel 2 shows the record of another rabbit heart in which prednisolone 10' g/ml produced transient cardiac asystole for 5 sec fol lowed by a prolonged inhibitory action with very slow recovery. Panel 3 shows the bi phasic effect of prednisolone in a rabbit heart. At 2 10-5 g/ml prednisolone produced about 15"' augmentation while at 4 10"' g/ml about 50% reduction in the ventricular contraction. Control responses to corresponding strengths of alcohol either did not in volve any change or were insignificant. Results were similar in the frog heart except for a lower sensitivity. Experiments with isolated frog ventricular strips indicated that at lower concentrations the spontaneous beats as well as responses to electrical stimulation were augmented while at higher concentrations the amplitude of spontaneous beats and the response to electrical stimulation, both were inhibited. The response of frog ventricu lar strip under the action of prednisolone is shown in Fig. 2 (Panels 2, 3) . In panel 2, augmentation is seen under the action of prednisolone 5 , 10-" g/ml. Increase in the ven tricular response was greater than that observed with 5 x, 10' g/ml of hydrocortisone.
Panel 3 shows a strong inhibitory effect of prednisolone in a concentration of 5 x 10 ` g/ nil. The response to electrical stimulation and spontaneous beats were both reduced.
The frequency of spontaneous beats, however, increased during the recovery period. Due to the dual nature of action, the ranges overlap and it is difficult to draw out a dose-response curve: however, the actions at two concentrations (10' to 10" g/ml) have been selected to evaluate and compare intensity of action of the three cortcoids. A concentration of 10' g/ ml usually produced an excitatory effect while inhibitory effect was common at 10 ' g/ml. The mean values from 14 frog and 13 rabbit hearts at these two concentrations are shown in Fig. 4 . Comparative potency of the three corticoids is in the following accending order: hydrocortisone, cortisone, prednisolone. Fig. 4 also demonstrates the greater sensitivity of the rabbit hearts.
DISCUSSION
The results presented herein demonstrate the biphasic action of three glucocorticoids.
This biphasic nature of action appears to be the main reason for the conflicting reports in literature regarding the effect of corticoids on the heart (1 to 8). The use of a very wide range of concentration from 10' to 10 g/ml in the present work demonstrates that exci tatory or inhibitory action depends upon dose. By confining the investigations to a nar row dose range, the other effect is likely to be missed since pure excitatory effects occur only at a low concentration while pure inhibitory effects occur only at high concentrations.
Investigators who used a concentration lower than I ,rig/m1 found positive inotropic ef fects while those who used a larger concentration observed negative inotropic effects. It is interesting to note that Tanz and co-workers first reported positive inotropic action with 0.5 to I Pg/ml of 9-(Y-fluorohydrocortisone on cat papillary muscle using alcohol as a solvent (7), but when they increased the concentration to 10 to 20 g/ml they observed a negative inotropic action (8) . The excitatory and inhibitory concentrations used in those studies, were similar to those in the present work. In agreement with results of other workers, inotropic response has been found to be more sensitive to corticoids than the chronotropic response. The present study also demonstrates that corticoids produce conduction blocks, cardiac asystole and elect rocardiographic evidence of myocardial de
pression. This appears to be of significance in cardiac transplantations where immuno suppressive therapy involves large doses of steroids over a long period and more so during the suspected rejection crisis which may also be characterized by conduction blocks, ar rhythmias and myocardial depression.
Although the biphasic effect of several substances has been reported from this labora tory (11, 12, 13) little is known about the mechanisms involved. It has been suggested that either the intrinsic molecular structure of such substances may have two active chemi cal groupings producing antagonistic effects, or the responsive tissue may have in common, excitation and inhibition coupled receptors, the net action being determined by compara tive vulnerability (13) .
